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Viral replication, Infectivity assayThe genome of Red clover necrotic mosaic virus (RCNMV) consists of positive-sense, single-stranded RNA-1 and
RNA-2. The 29 nucleotides at the 3′ termini of both RNAs are nearly identical and are predicted to form a stable
stem-loop (SL) structure, which is required for RCNMV RNA replication. Here we performed a systematic
mutagenesis of the RNA-2 3′ SL to identify the nucleotides critical for replication. Infectivity and RNA
replication assays indicated that the secondary structure of the 3′ SL and its loop sequence UAUAA were
required for RNA replication. Single-nucleotide substitution analyses of the loop further pinpointed three
discontinuous nucleotides (L1U, L2A, and L4A) that were vital for RNA replication. A 3-D model of the 3′ SL
predicted the existence of a pocket formed by these three nucleotides that could be involved in RNA–protein
interaction. The functional groups of the bases participating in this interaction at these positions are discussed.
© 2009 Elsevier Inc. All rights reserved.Introduction
The replication of positive-sense RNA viruses begins with the
synthesis of negative-sense RNA from the 3′ terminus of the positive-
sense genomic RNA. The 3′ untranslated regions (UTRs) of the
genomic RNAs contain sequence and structural elements that interact
with one or more components of viral replicases in order to promote
the initiation of negative-strand RNA synthesis (Buck, 1996; Dreher,
1999). These elements vary from sophisticated tRNA-like structures
(TLS; Dreher, 2009) to simple but interacting stem-loops (SLs;
McCormack et al., 2008). Additional sequence elements in the 3′
UTRs not only regulate viral RNA replication but also coordinate viral
protein synthesis via long distance RNA–RNA interactions (Miller and
White, 2006), as exempliﬁed by the Red clover necrotic mosaic virus
(RCNMV; Iwakawa et al., 2007).
RCNMV is a member of the Dianthovirus genus, Tombusviridae
family. Its genome consists of two positive-sense, single-stranded
genomic RNAs. RNA-1 (3.9 kb) encodes three proteins: p27, p88, and
the p37 capsid protein (CP; Xiong and Lommel, 1989). Both the p27
and p88 proteins are translated directly from the viral genomic RNA
and are required for RCNMV replication (Bates et al., 1995; Kim and).
C L235, Stanford University,
ll rights reserved.Lommel, 1994; Okamoto et al., 2008). The p88 protein is a fusion
protein consisting of an N-terminal region identical to p27 and a C-
terminal region generated by -1 ribosome frameshifting event (Kim
and Lommel, 1994, 1998; Xiong et al., 1993b). RCNMV CP is expressed
from a subgenomic RNA (Zavriev et al., 1996) and is essential for
RCNMV systemic movement (Vaewhongs and Lommel, 1995; Xiong
et al., 1993a). RCNMV RNA-2 (1.45 kb) encodes a single p35 protein
(Lommel et al., 1988) that functions both as a viral movement protein
(Giesman-Cookmeyer and Lommel, 1993; Xiong et al., 1993a) and as a
viral suppressor of RNA silencing (Powers et al., 2008) to complement
the suppression of RNA silencing provided by the RCNMV replication
process (Takeda et al., 2005). As a virus with a bipartite genome,
RCNMV tightly coordinates and controls a number of activities
involving both genomic RNAs through trans-RNA–RNA interaction.
For example, a 34-nt transactivator sequence located near the middle
of RNA-2 has been found to activate the transcription of CP
subgenomic RNA from RNA-1 (Sit et al., 1998) and direct the co-
packaging of RNA-1 (Basnayake et al., 2009). The same transactivator
sequence has also been reported to function as a cis-acting element
for RNA-2 replication (Tatsuta et al., 2005).
Both RCNMV genomic RNAs possess a relatively long 3′ UTR (443
and 415 nucleotides for RNA-1 and RNA-2, respectively). With the
exception of six nucleotides at the 5′ termini and 29 nucleotides at the
3′ termini, the two genomic RNAs share little sequence homology. The
29 nucleotides at the 3′ termini of both RNAs are nearly identical and
can be predicted to form a stable SL (Fig. 1; Lommel et al., 1988; Xiong
and Lommel, 1989). Similar 3′ SLs with identical loop sequences
Fig. 1. Sequences and predicted stem-loop structures of the 3′ terminal nucleotides of
wild-type and mutant RNA-2 of RCNMV. Only a single base-pair of nucleotides differs
between the 3′ SL of RNA-1 and RNA-2 (boxed). Substituted nucleotides in mutants are
shown in bold. For simplicity, only the part of the 3′ SL where changes occur is drawn
for each mutant. The Roman numeral number inside parenthesis indicates infectivity
levels of the mutant. I, wild-type level; II, partial infectivity; III, no or little infectivity.
This diagram depicts two stem mutants (RC2SD and RC2SR), two loop replacement
mutants (RC2LEcoRI and RC2LKpnI), and ﬁfteen single-nucleotide substitution mutants
in the loop region. Mutations resulting in no changes in replication and infectivity are
shown in green color, mutations resulting in little or no replication and infectivity are
represented in red color. Orange color denotes partial replication and intermediate
infectivity.
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dianthoviruses: Sweet clover necrotic mosaic virus (SCNMV) RNA-1
and RNA-2 (Ge et al., 1992, 1993) and Carnation ringspot virus (CRSV)
RNA-1 (Ryabov et al., 1994). CRSV RNA-2 also contains a slight
variation of this terminal loop sequence (UAUAU; Kendall and
Lommel, 1992). These similarities suggest that the 3′ SLs, particularly
their loop sequences, may play an important role in the RNA
replication of dianthoviruses. Mutational analyses have indeed
demonstrated the necessity of RCNMV 3′ terminal SLs for viral RNA
replication (Iwakawa et al., 2007; Turner and Buck, 1999).
In addition to the 3′ terminal SL, the UTR of RCNMV RNA-1
contains a well-characterized, cap-independent translational enhan-
cer (Mizumoto et al., 2003) and several additional SLs that promote
the translational efﬁciency of the genomic RNA (Iwakawa et al., 2007).
The enhancer consists of 137 nucleotides of the 3′ UTR and is located
approximately 160 nucleotides from the 3′ terminus of RCNMV RNA-
1. It is required for efﬁcient, cap-independent translation of the p27
and p88 proteins, the two virus-encoded components of RCNMV
replicase (Bates et al., 1995). Therefore, the 3′ UTR of RCNMV contains
important elements that control both its RNA replication and the
expression of viral genes necessary for replication. Identifying the key
nucleotides involved in these interactions will help elucidate how the
virus balances the use of its viral genomic RNA as a message for
translation and as a template for replication.
Previous studies have demonstrated that both the secondary
structure and the loop sequence of the 3′ SL are required to promote
negative-strand RNA synthesis of RCNMV RNA-1 (Iwakawa et al.,
2007) and RNA-2 (Turner and Buck, 1999). However, the speciﬁc
nucleotides critical for this function have not been identiﬁed. In this
study, we engineered a series of mutations in the 3′ SL of RNA-2 and
examined their effects on RNA-2 replication in Nicotiana clevelandii
protoplasts and on viral infectivity in cowpea plants. Our results
conﬁrm and extend previous reports that RCNMV replication requires
both the stem-loop structure and the loop sequence of the 3′ SL(Iwakawa et al., 2007; Turner and Buck, 1999). In addition, we have
identiﬁed three key nucleotides required for RNA-2 replication by
systematically substituting each of the ﬁve nucleotides in the loop
region with each of the other three bases. The three key nucleotides
are predicted in a 3-D model to form a central pocket in the loop
which may serve as a contact site for replicase. Based on the
differential effects which nucleotide substitution has on viral RNA
replication, we have also inferredwhich functional groups of the three
key nucleotides may be potentially involved in template–replicase
recognition and interaction.
Results
3′ Terminal SL is required for the replication of RCNMV RNA-2 and plant
infection
RCNMVhas a split genome consisting of two genomic RNAs. RNA-1
encodes the two proteins necessary for replication while RNA-2
encodes a single movement protein, making it dispensable for viral
RNA replication. The 29 3′-terminal nucleotides of RCNMV RNA-1 and
RNA-2 are predicted to form identical SLs except for one base-pair
near the bottom of the stem (A–U in RNA-1 and G–C in RNA-2; Fig. 1).
To separate the effect of the 3′ SL on viral RNA replication, mutations
were introduced only in RCNMV RNA-2 while RNA-1 encoding for the
essential replication proteins remained unaltered. Consequently,
changes in the accumulation of RNA-2 directly revealed the
consequences that the mutation of cis-acting elements has on viral
RNA replication.
For this study, we re-engineered a set of infectious cDNA clones for
RCNMV RNA-1 (pRC1IG69) and RNA-2 (pRC2IG54; Xiong, unpub-
lished data), which are more infectious than the ones used in previous
studies (Turner and Buck, 1999; Xiong and Lommel, 1991). To
determine if the 3′ SL is required for viral RNA replication and
infectivity in the new clones, we constructed a set of mutants that
contained either a completely destabilized 3′ SL structure or multiple-
nucleotide substitutions in the loop (Fig. 1). In the destabilizing
mutant RC2SD, the ﬁve nucleotides GCUAG in the 3′ side of the stem
were replacedwith the nucleotides CAGCU, resulting in the disruption
of stem base-pairing and consequently of the 3′ SL structure. In the
two loop substitution mutants, the loop sequence, UAUAA, was
replaced with GGUAC (three nucleotide substitutions denoted in
bold) in mutant RC2LKpnI and with GAAUU (four nucleotide
substitutions in bold) in mutant RC2LEcoRI (Fig. 1). Infectivity in the
cowpea plant, a local lesion host for RCNMV, was examined
subsequently for each of these mutants. In vitro transcripts of
RCNMV RNA-1 and either wild-type or mutant RCNMV RNA-2 were
co-inoculated on the cowpea primary leaves. Wild-type transcripts
produced hundreds of necrotic lesions when inoculated plants were
examined ﬁve days later. However, the stem disruption (RC2SD) and
loop replacement mutants (RC2LKpnI and RC2LEcoRI) proved to be
non-infectious (Table 1; Supplementary Fig. S1). These non-infectious
mutants produced no local lesions on the cowpea leaves, except on a
few rare occasions when they produced single lesions. No lesions
were observed on the mutant-inoculated leaves over the next several
weeks, suggesting that the mutants could not revert to a replication-
competent form. Northern hybridization could not detect any trace
amount of RCNMV RNA in the mutant-inoculated leaves (data not
shown).
We further examined the replication of these mutants in N.
clevelandii protoplasts to determine if the inability of RCNMV RNA-2
to replicate was the cause for the non-infectious phenotypes.
Transcripts of the wild-type RNA-1 were transfected together with
either wild-type or mutant RNA-2 transcripts into the protoplasts.
Total RNA was extracted 24 h after transfection. Replication of RNA-2
in the transfected protoplasts was subsequently assessed by Northern
hybridization with 32P-labeled probes speciﬁc for (+) RCNMV RNA-2.
Table 1
Infectivity of RNA-2 stem and loop mutants determined by local lesion numbers
produced on cowpea primary leaves.
Clones Infectivity (%)⁎ Groups
WT RNA-2 100.00±0.00 I
RC2SD 0.00±0.00 III
RC2SR 110.15±19.31 I
RC2LEcoRI 0.02±0.03 III
RC2LKpnI 0.02±0.03 III
RC2L1A 0.38±0.18 III
RC2L1C 37.94±1.81 II
RC2L1G 0.00±0.00 III
RC2L2C 93.27±8.57 I
RC2L2G 0.87±1.47 III
RC2L2U 1.93±2.06 III
RC2L3A 102.96±27.22 I
RC2L3C 87.26±9.88 I
RC2L3G 104.39±12.25 I
RC2L4C 4.53±4.07 III
RC2L4G 0.68±1.20 III
RC2L4U 3.77±1.92 III
RC2L5C 98.89±1.58 I
RC2L5G 93.04±8.78 I
RC2L5U 112.85±4.03 I
⁎ Infectivity was calculated by dividing the average number of lesions produced by
each mutant with the average number of lesions produced by the wild-type RNA-2 in
the same inoculation experiment. The mean infectivity and the standard error were
compiled and computed from ten independent inoculations.
Fig. 3. Replication and accumulation of RCNMV RNA in N. clevelandii protoplasts
transfected with RNA-1 and mutant RNA-2 transcripts. Total RNA was extracted from
protoplasts 24 h after transfection with wild-type RNA-1 andmutant RNA-2 (labeled on
the top of each lane), fractionated on 1.5% agarose formamide gel, transferred to a nylon
membrane, and hybridized with (-)-sense, RNA-1 and RNA-2 speciﬁc riboprobes.
Results shown in this ﬁgure were reproducible in independent experiments. (-),
untransfected protoplasts as a negative control; WT, protoplasts transfected with
transcripts from wild-type RNA-1 and RNA-2 infectious cDNA clones.
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accumulated to readily detectable levels (Figs. 2 and 3). In contrast,
RNA-2 was not detectable (Fig. 3) or barely detectable in an over-
exposed autoradiograph (Fig. 2) in both the stem disruption mutant
and two loop replacement mutants. These data clearly showed that
the RNA-2mutantswere unable to replicate and accumulate andwere
consequently non-infectious in cowpea plants.
The undetectable level of mutant RNA-2 could be caused either
directly by the inability of RNA-2 to replicate or indirectly by the
inability of RNA-1 to replicate. RNA-1 encodes two proteins required
for viral RNA replication. If RNA-1 failed to replicate and provide
essential proteins for replication, RNA-2 would also not be replicated.
To rule out this possibility, replication of RNA-1 in the transfected
protoplasts was also assayed by hybridization with 32P-labeled probes
speciﬁc for (+) RNA-1. Although RNA-2 was not detectable in
protoplasts co-transfected with wild-type RNA-1 and mutant RNA-2
transcripts, RNA-1 accumulated at the wild-type levels (Fig. 3),
indicating that the introduced mutations were solely responsible for
the deﬁciency in RNA-2 replication and that RCNMV RNA-1 could
replicate independently in protoplasts as reported previously (Paje-Fig. 2. Replication and accumulation of RCNMV RNA-2 stem and multiple substitution
loop mutants in N. clevelandii protoplasts. Total RNA was extracted from protoplasts at
0 and 24 h after transfection with wild-type RNA-1 and mutant RNA-2 transcripts.
Equal amounts of total RNA were fractionated on 1.5% agarose gel, transferred to a
nylon membrane, and hybridized with (-)-sense, RNA-2 speciﬁc riboprobe. The 24 hpi
autoradiograph was overexposed intentionally to visualized trace amount of RCNMV
RNA. Results shown in this ﬁgure were reproducible in independent experiments. (-),
untransfected protoplasts as a negative control; viral RNA, protoplasts transfected with
puriﬁed virion RNA;WT, protoplasts transfected with transcripts fromwild-type RNA-1
and RNA-2 infectious cDNA clones; RNA-2 only, protoplasts transfected with RNA-2
transcripts only.Manalo and Lommel, 1989). These results validated the pRC1IG54
infectious clone and conﬁrmed previous results that both the structure
and the loop sequence of the 3′ SL were required for RCNMV RNA
replication (Iwakawa et al., 2007; Turner and Buck, 1999).
The primary sequence in the stem of the 3′ SL is not required for RCNMV
RNA-2 replication and plant infection
Our results and previous reports (Iwakawa et al., 2007; Turner
and Buck, 1999) clearly demonstrated that the RCNMV 3′ SL is
required for viral RNA replication. However, complete disruption of
stem base-pairing and multiple nucleotide substitutions could not
determine whether it was the RNA secondary structure, speciﬁc
nucleotides in the stem, or a combination of both that was required
for viral RNA replication. A stem restoration mutant, RC2SR, was
engineered to address this question. RC2SR contained compensatory
mutations of 5 nucleotide pairs in both sides of the stem. The
resulting mutant was able to maintain the 3′ SL structure, yet the
primary nucleotide sequence of the stem differed from that of the
wild-type RNA-2 (Fig. 1). The infectivity of RC2SR was similar to that
of the wild-type RNA-2 when co-inoculated with RNA-1, as
indicated by the number of local lesions produced on cowpea leaves
(Table 1). Co-inoculation of RC2SR and wild-type RNA-1 transcripts
resulted in the wild-type systemic infection in both N. clevelandii
and N. benthamiana, indicating that mutations in RC2SR did not alter
the viral biological properties (data not shown). Consistent with the
in planta infectivity, the replication of the mutant RNA-2 was also
restored in the protoplast assay (Figs. 2 and 3). To examine the
possibility that the lesions on cowpea leaves arose from the
reversion of the mutant RC2SR RNA-2 back to the wild-type
sequence, progenies of RC2SR as well as wild-type RNA-2 was
ampliﬁed by RT-PCR, cloned, and then sequenced. The sequence
data showed that the mutations in RC2SR were maintained in its
progeny. These results suggested that the altered primary sequence
of stem was not required for either viral RNA replication or for plant
infection as long as the 3′ SL was maintained.
Three speciﬁc nucleotides in the loop region are required for RNA-2
replication and plant infection
Both our results and previous reports (Iwakawa et al., 2007;
Turner and Buck, 1999) suggest that speciﬁc nucleotides in the loop of
the 3′ SL are required for RCNMV RNA replication. To identify the
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nucleotide substitution mutants (Fig. 1). Each base of the ﬁve-
nucleotide UAUAA loop was replaced by one of the other three bases,
generating three individual mutants at each nucleotide position. The
mutants were designated by concatenating RC2with the loop position
and the substituting base. For example, the nucleotide U at the ﬁrst
loop position (L1) was replaced with A, C, and G in three independent
mutants: RC2L1A, RC2L1C, and RC2L1G.
The infectivity of the single-nucleotide substitution mutants was
determined by co-inoculation of wild-type RNA-1 and mutant RNA-2
transcripts onto cowpea leaves. In each independent experiment, the
average number of local lesions produced by each mutant was
recorded and normalized to the number produced by the wild-type
RNA-1 and RNA-2 to determine its relative infectivity (Table 1). Based
on their infectivity, all 15 mutants were cataloged into three groups
(Fig. 1, Table 1). Group I consisted of RC2L2C, all mutants at the loop
position 3 (RC2L3A, RC2L3C, RC2L3G) and the loop position 5
(RC2L5C, RC2L5G and RC2L5U). The infectivity of these mutants
ranged from 91% to 110% and did not differ signiﬁcantly from that of
the wild-type RNA-2 transcripts. Additionally, the mutants produced
wild-type systemic infection in two host plants, N. clevelandii and N.
benthamiana (data not shown). Sequence analysis of the progeny RNA
conﬁrmed that all mutations were maintained and that no compen-
satory mutation was found (Table 2). Group II contained only RC2L1C,
which produced a moderate number of local lesions (37.95%) in
comparison to the wild-type transcripts. Sequencing analysis indi-
cated that the original mutation was maintained in three RC2L1C
progenies but a second site mutation was found in the loop (A→G at
L4) in one progeny (Table 2). These observations suggest that while
the group II mutant was competent for replication, its 3′ SL might not
have been the most optimal for directing the RNA-2 synthesis, hence
the second site mutation emerging in one progeny. Group III
comprised the remaining mutants from the L1, L2, and L4 positions:
RC2L1A, RC2L1G, RC2L2G, RC2L2U, RC2L4C, RC2L4G, and RC2L4U.
These mutants were poorly infectious and produced 0–4.5% of the
lesions of the wild-type RNA-2 on the cowpea leaves (Table 1).
Furthermore, sequencing analyses revealed that the progenies of
these mutants, if any were recovered, contained either reversions or
second-site mutations in addition to the engineered mutation (Table
2). While three independent clones of the RC2L4C progeny contained
a reversion of the originally mutated C back to the wild-type
nucleotide A, a progeny of RC2L2U carried an interesting reversion.
Instead of reverting to the wild-type nucleotide A, the engineered U
mutation in RC2L2U evolved to a C residue, resulting in a genotype
identical to mutant RC2L2C, which behaved like the wild-type RNA-2
in both the infectivity and the replication assays (Figs. 2 and 3; Table
1). Of ﬁve independent clones of the RC2L4U progeny, three reverted
back to the wild-type sequence and two maintained the mutated U
residue at L4 but contained a second site mutation of U to A at L1. OneTable 2
Maintenance, reversion, and second site mutations in the progeny of loop mutants.
Mutants No. of clones Original mutation Second site mutation
RC2L1C 2 Maintained No
1 Maintained A→G at L4
RC2L2C 2 Maintained No
RC2L2U 1 Mutated to C No
RC2L3A 1 Maintained No
RC2L3C 1 Maintained No
RC2L3G 1 Maintained No
RC2L4C 3 Reverted to wt No
RC2L4G 1 Maintained U→C at L1 and A→G at L2
RC2L4U 3 Reverted to wt No
2 Maintained U→C at L1
RC2L5C 1 Maintained No
RC2L5G 1 Maintained No
RC2L5U 1 Maintained Noclone of the RC2L4G progeny contained the original mutation as well
as two second-site mutations of U to C at L1 and A to G at L2. Progeny
viruses containing reversions or second site mutations exhibited
infectivity and symptoms similar to that of wild-type RCNMV on both
local lesion and systemic hosts (data not shown).
The replication of these single-nucleotide substitution mutants
was examined in N. clevelandii protoplasts and assessed by Northern
hybridization with riboprobes speciﬁc for (+) RNA-2. All L3 mutants
(RC2L3A, RC2L3C and RC2L3G) and L5 mutants (RC2L5C, RC2L5G and
RC2L5U) supported the wild-type level of RNA-2 replication (Figs. 3
and 4), consistent with the infectivity data. These results indicate that
the speciﬁc nucleotides at positions L3 and L5 are not required for
RNA-2 replication and that both loop positions tolerated substantial
nucleotide changes. This conclusion is supported by the fact that the
terminal loop sequence in CRSV RNA-2 differs from the consensus
loop sequence in dianthoviruses only at the L5 position (Kendall and
Lommel, 1992). In contrast, all L4 mutants (RC2L4C, RC2L4G and
RC2L4U) failed to accumulate in protoplasts, suggesting that L4 and
the speciﬁc nucleotide A are indispensable for RNA-2 replication (Fig.
4). At the L1 position, substitution of A (RC2L1A) or G (RC2L1G) in
place of thewild-type U also abolished RNA-2 replication, whereas the
C for U substitution (RC2L1C) allowed a limited level of RNA-2
replication of approximately 5% of the wild-type level (Figs. 3 and 4).
The reduction of RC2L1C RNA replicationwas considerably larger than
the reduction in its infectivity (37.9% of the wild-type level),
suggesting that the mutant might replicate or be repaired more
efﬁciently in plants than in protoplasts. At the L2 position, substitution
of G (RC2L2G) or U (RC2L2U) for the wild-type A abolished RNA-2
replicationwhile substitution of C residue (RC2L2C) allowed RNA-2 to
replicate to a level similar to wild type (Figs. 3 and 4).
Results obtained from the protoplast replication assay correlated
well with the infectivity data determined by the local lesion assay.
These results indicated that in the 5-nucleotide loop region, the
speciﬁc identities of the nucleotides at L3 and L5 are not obligatory for
RCNMV RNA-2 replication; however, speciﬁc nucleotides are required
at L1, L2, and L4. It was apparent that the A residue at L4 was
absolutely required for the 3′ SL promoter activity while partial and
wild-type promoter activities could be restored by the substitution of
C for U at L1 and C for A at L2, respectively. Any other substitutions at
these two loop positions were lethal.Discussion
We have constructed a series of mutants in the 3′ terminal SL and
provided experimental evidence to show that both the secondary
structure and the loop sequence are required as cis promoter elements
for RCNMV RNA-2 replication. Furthermore, exhaustive substitutions
of each nucleotide in the 5-nucleotide loop region have led to the
identiﬁcation of three critical residues required for RCNMV RNA-2
replication and potentially for template–replicase interaction.Fig. 4. Replication and accumulation of RNA-2 loop mutants with single-nucleotide
substitutions in N. clevelandii protoplast. Total RNA was extracted from protoplasts 24 h
after transfection with transcripts from wild-type RNA-1 and mutant RNA-2. Equal
amounts of total RNA were fractionated on 1.5% agarose gel, transferred to a nylon
membrane, and hybridized with (-)-sense, RNA-2 speciﬁc riboprobes. Results shown in
this ﬁgure were reproducible in independent experiments. WT, protoplasts transfected
with transcripts from wild-type RNA-1 and RNA-2 infectious cDNA clones; RNA-2 only,
protoplasts transfected with RNA-2 transcripts only as a negative control.
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Previous mutational analyses of both RCNMV RNA-1 (Iwakawa et
al., 2007) and RNA-2 (Turner and Buck, 1999) have established the 3′
SL as the promoter for negative strand RNA synthesis. Our results are
consistent with these analyses. Destabilizing the base-pairing in the
stem leads to a complete loss of RNA replication, while reconstruction
of the stem using completely different base pairs can restore both the
viral replication and infectivity (Figs. 1, 2, and 3; Table 1). These data
reafﬁrm that RNA replication in RCNMV requires the structure of the
3′ SL to remain intact but not the speciﬁc nucleotides in the stem.
Additionally, the substituted base pairs in the stem restoration
mutants are very different in this and previous studies, yet all the
mutantsmaintained a signiﬁcant level of viral RNA replication, further
suggesting that the speciﬁc nucleotides in the stem region of the
RCNMV 3′ SL may not be required for the 3′ promoter activity.
However, our data do not exclude the possibility that the stem
nucleotides may play a role to modify the replication rate of the
template RNA. Although the stem restoration mutant RC2SR repli-
cated efﬁciently, its RNA accumulated at a level slightly less than that
of the wild-type RNA-2 in 24 h in the protoplast replication assay
(Figs. 3 and 4). Similar results were also shown for the stem
restoration mutants of RCNMV RNA-1 (Iwakawa et al., 2007) and
RNA-2 (Turner and Buck, 1999). It is possible that the restored stem
may have a slightly higher thermostability that can affect the melting
of the stem by the viral replicase and consequently reduce the rate of
viral RNA replication slightly. The wild-type infectivity of the same
mutant (Table 1) suggests that the reduced rate of viral RNA
replication apparently does not impact the infectivity assay based
on local lesions, which only become visible at 4–5 days after
inoculation. Further experiments are required to deﬁne the relation-
ship between the replication rate and the thermostability of the
terminal SL in RCNMV.
In contrast, alterations in the stem sequence of the 3′ SL clearly
have a major effect on the replication in Turnip crinkle virus (TCV;
McCormack et al., 2008; Song and Simon, 1995; Stupina and Simon,
1997). TCV, of the Carmovirus genus, and its sat-RNA C also possess a
stable 3′ SL structure consisting of the 29 3′-terminal nucleotides. In
sat-RNA C, this SL serves as the core promoter for directing the minus
strand synthesis by the puriﬁed RdRp in vitro (Song and Simon, 1995).
Disruption of the stem base-pairing and consequently of the stability
of the SL has resulted in little or no RNA replication. However, mutants
of sat-RNA C with a substituted loop sequence replicate at levels
similar to or better than the wild-type level both in vitro and in vivo
(Song and Simon, 1995; Stupina and Simon, 1997). Furthermore, a
stem restoration mutant containing three pairs of different nucleo-
tides at the top of the stem has displayed little in vitro template
activity (Song and Simon, 1995), but accumulated at nearly the wild-
type level in planta (Stupina and Simon, 1997). In Cymbidium ringspot
virus (CyRSV, genus Tombusvirus), maintenance of the stem base-
pairing, but not the stem sequence, is required for CyRSV RNA
replication but small changes in the loop region have no impact on the
accumulation of viral RNA (Havelda and Burgyan, 1995). Despite
these differences, these studies together suggest that a simple, highly
stable SL structure at the 3′ terminus is required for the promoter
activity in Tombusviridae. Critical nucleotides interacting with and
directing viral replicase for (-) stranded RNA synthesis may reside in
the loop, the stem, or both.
Interaction between a simple SL and viral replicase during
replication and transcription may be a universal feature of the (+)
RNA viruses. CP subgenomic promoter of Brome mosaic virus (BMV), a
member of Bromoviridae, can be folded into a simple SL with the
three-nucleotide loop sequence AUA (Haasnoot et al., 2002). The
minimum (-) RNA promoter of BMV also consists of a simple SL with
an AUA tri-loop at the end (Chapman and Kao, 1999; Choi et al., 2004;
Kim et al., 2000), despite the fact that the 3′ end of BMV RNA can befolded into a complicated TLS consisting of several stem-loops and a
pseudoknot.
In addition to the 3′ terminal SL, other cis RNA elements may also
participate in the interaction between the RNA template and the viral
replicase, as indicated by the role of the internally located RNA-2
transactivator as a cis-element for RNA-2 replication (Tatsuta et al.,
2005) and by a newly identiﬁed simple SL upstream of the 3′ SL in
RCNMV RNA-1 that is essential for the (-) strand RNA synthesis
(Iwakawa et al., 2007).
Requirement of three speciﬁc loop nucleotides
Analyses of two loop multiple-substitution mutants (Figs. 2 and 3;
Table 1) indicate that a speciﬁc loop sequence is required for RCNMV
RNA-2 replication, as reported previously (Iwakawa et al., 2007;
Turner and Buck, 1999). Furthermore, our systematic mutational
analyses reveal that not all the nucleotides in the loop of the 3′ SL
participate equally in the promoter activity. The deleterious effects of
nucleotide substitutions at L1, L2 and L4 of the UAUAA loop suggest
that these positions are critical for RCNMV RNA-2 replication and
possibly for direct interactions with viral replicase. The requirement
of the nucleotide speciﬁcity varies at these critical loop positions (Figs.
3 and 4; Table 1). Nucleotide U at L1 is preferred, but substitution of
nucleotide C in its place can partially restore the 3′ SL promoter
activity in protoplast (Fig. 4) and in planta (Table 1). The adenosine
residue at L2 can be substituted with cytosine without any noticeable
loss of the 3′ SL activity (RC2L2C; Figs. 3 and 4; Table 1). L4 has the
strictest requirement of all the loop positions, as substitution of any
base other than the wild-type adenosine are lethal (Fig. 4; Table 1).
Some mutants, such as L2U, L4C, L4G, and L4U, have not
completely abolished in vivo viral RNA replication although accumu-
lation of RNA-2 is not readily detectable in the protoplast assays. This
is evident from a few local lesions (1–5% of the wild-type level)
produced by these mutants on cowpea primary leaves. However, the
progeny of these mutants either revert back to wild-type sequence or
contain second site mutations (Table 2). These data suggest that these
substitutions may allow a very low level of suboptimal RNA
replication, which provides an opportunity for the mutant viral RNA
to mutate and to acquire a more efﬁcient promoter, consequently
producing a limited number of local lesions.
The apparent wild-type behavior of mutants RC2L2C and RC2L3G
in both infectivity and replication assays contradicts an earlier study
of the RNA-2 3′ SL by Turner and Buck (1999). In their study, both
substitutions of A→C at L2 and U→G at L3 reduced the replication of
the viral RNA to a nondetectable level and resulted in only a few
lesions on cowpeas. It is not clear why our results differ from theirs.
This difference may be attributed to the two different infectious cDNA
clones of RCNMV RNA-2 used in the studies. pRC2IG54, which was
used in this study, is a newer cDNA clone constructed by one round of
full-length RT-PCR (Xiong, unpublished data), and is more infectious
than the original RNA-2 infectious cDNA clone, pRC2IG (Xiong and
Lommel, 1991) used in their study (Turner and Buck, 1999). Another
remote possibility is that an unintended mutation might have been
introduced at a site distant from the targeted 3′ SL in a mutant,
resulting in the lethality. In this study, only the NcoI–SmaI fragment
from the RNA-2 3′UTR has been subjected to in vitromutagenesis. The
mutagenized fragments were fully sequenced before they replaced
the corresponding fragment in the wild-type RNA-2 infectious clone
pRC2IG54. Furthermore, at least three independent clones were
tested for each mutant in this study.
The requirement of a speciﬁc loop sequence for the negative-
strand RNA promoter activity is apparently not universal in the
Tombusviridae. In both TCV and CyRSV, nucleotide substitutions,
deletions or insertions of additional nucleotides in the loop of the 3′ SL
of TCV sat-RNA C (Song and Simon, 1995; Stupina and Simon, 1997)
and CyRSV DI RNA (Havelda and Burgyan, 1995) apparently have little
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of the loop sequence in the RNA replication of RCNMV, TCV, and
CyRSV is somewhat surprising. All three viruses belong to Tombus-
viridae and share a high degree of homology in the virus-encoded
RdRp (Koonin, 1991). The differencemay possibly be explained by the
fact that subviral RNA (sat-RNA or DI RNA) was used in the TCV and
CyRSV studies.
The speciﬁc loop sequence requirement for the promoter-replicase
interaction in RCNMV is more similar to that in an unrelated virus,
BMV than related viruses in Tombusviridae. The minimum promoter
of the BMV (-) genomic RNA consists of the SLC of the tRNA-like
structure, which is a single stem with a bulge loop and a triloop
hairpin (Chapman and Kao, 1999; Choi et al., 2004; Kim et al., 2000).
The nucleotide A1 in the triloop (AUA) is critical for template–
replicase interaction, while all four nucleotides in the bulge loop
(UAGA) stabilize this interaction. It is possible that the stem of the 3′
SL in RCNMV restrains the loop sequence to a conformation that is
accessible to replicase for contact and binding, similar to the function
of SLC in BMV (Chapman and Kao, 1999; Kim et al., 2000). On the
other hand, the 3′ SL structure in TCV and CyRSV may simply function
to ensure a free 3′ end in the proper position for initiation of RNA
synthesis, similar to the pseudoknot A in the 3′ TLS in BMV (Chapman
and Kao, 1999).
Predicted tertiary structure of the 3′ SL and functional groups recognized
by replicase
To understand how the three discontinuous nucleotides may
interact with a component of RCNMV replicase, a 3-D structure of the
RCNMV 3′ SL has been inferred (Fig. 5), using algorithms implemen-
ted in a newly described MC-Fold | MC-Sym pipeline (Parisien and
Major, 2008). Instead of relying only on the traditional thermo-
dynamics-based RNA secondary structure prediction, these algo-
rithms consider sets of nucleotide cyclic motifs from both canonical
and noncanonical base pairs in a structure, assign scores to each set of
motifs, and then assemble the 2-D and 3-D structures from the
matching motifs. One of the best structures, as determined by the
subjective global structure quality scores, is shown in Fig. 5. In thisFig. 5. A 3-D structure of RCNMV RNA-2 3′ SL predicted by the MC-Fold | MC-Sym pipeli
(Bernstein, 2000). (A) Structure of the entire 3′ SL. Phosphate backbones of the 10 pairs of n
enlarged view of the boxed region in (A), showing the ﬁve loop nucleotides (L1–L5) and the
purple; P, yellow.structure, bases of L1U, L2A and L4A converge to the center of the loop
to form a pocket while L3U extends away from this pocket and L5A is
shielded away from the pocket via base stacking interaction with L4A.
By describing a central pocket that is formed by L1, L2 and L4 without
the participation from L3 and L5, this model sheds new light on the
base interactions in the loop of the RCNMV 3′ SL. If this pocket is the
motif involved in the interaction and recognition by a component of
RCNMV replicase during the initiation of (-) RNA synthesis, it explains
satisfactorily the need for the three discontinuous, speciﬁc nucleo-
tides in the 3′ SL for RCNMV RNA-2 replication.
Further exploration of data from some single loop mutants has
made it possible to deduce the functional groups of the three critical
nucleotides that might be involved in this proposed RNA–protein
interaction. Substitution of the L1 uracil with a cytosine has resulted
in a mutant (RC2L1C) with partial replication activity and infectivity
(Fig. 4; Table 1). Since the two bases share only a spatially equivalent
C2 keto group, it is reasonable to speculate that the C2 keto group of
U at L1 at least partially contributes to the RNA–protein interaction.
At L2, adenosine and cytosine appear interchangeable without any
loss of RNA replication competency (RC2L2C; Figs. 3 and 4; Table 1).
These two bases share two spatially equivalent groups, an amine
group at adenosine C6 and cytosine C4 and an imine group at
adenosine N1 and cytosine N3. Therefore, these two groups are likely
to be involved in direct protein contact. The adenosine at L4 is
irreplaceable, suggesting that multiple functional groups of adeno-
sine are involved in the RNA–protein interaction. The prediction of
base-speciﬁc functional groups based on substitution data has been
similarly performed to study the replicase-RNA interaction in the
BMV subgenomic core promoter (Adkins et al., 1998; Siegel et al.,
1998, 1999). This promoter requires four key nucleotides at positions
-17, -14, -13, and -11 for directing RNA synthesis and interaction
with BMV replicase (Siegel et al., 1998, 1999). Nucleotide substitu-
tions at these critical positions have led to a prediction of base-
speciﬁc functional groups that interact with BMV replicase. Further-
more, these predicted functional groups have been experimentally
conﬁrmed to interact with BMV replicase by using chemically
synthesized RNA templates containing base analogs that are modiﬁed
in these functional groups (Siegel et al., 1998).ne (Parisien and Major, 2008). The stick structure is rendered by RasMol version 2.7
ucleotides (red and yellow sticks) are clearly visible from one side of the stem. (B) An
adjacent base pair in the stem (S10). Color representation of atoms: H, white; O, red; N,
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also have a similar 3′ terminal SL structure with a conserved ﬁve-
nucleotide loop sequence, UAUAA in CRSV RNA-1 (Ryabov et al.,
1994) and SCNMV RNA-1 and RNA-2 (Ge et al., 1992, 1993) and
UAUAU in CRSV RNA-2 (Kendall and Lommel, 1992). The sequence-
speciﬁc recognition mode proposed for RCNMV-replicase interaction
may be applicable to other viruses in the Dianthovirus genus. Indeed,
functional pseudorecombinants between RNA-1 and RNA-2 (Lommel
and Morris, 1982; Okuno et al., 1983) suggest that cis elements
required for RNA replication may be interchangeable in all
dianthoviruses.
Potential interactions between nucleotides at the three key loop
positions
Seven mutants with single nucleotide substitutions at the three
key loop positions exhibit little or no RNA replication and extremely
poor infectivity (Fig. 1 and Table 1, group III). However, four of the
group III mutants (L2U, L4C, L4G, and L4U) have produced a sufﬁcient
number of local lesions to permit the recovery and analysis of the
mutant progenies. All of the progenies analyzed are found to contain
mutations generated in vivo (Table 2). In addition to reversions to the
wild-type sequence, second site mutations are also observed near the
original mutation sites in the progenies of two mutants (L4G and
L4U). In one progeny of the L4G mutant, the ﬁrst two nucleotides of
the mutated loop, UAUGA, are replaced with the nucleotides CG,
resulting in the new loop sequence CGUGA. In two progenies of
mutant L4U, a single second-site mutation of A for U at L1 generates
another new loop sequence, AAUUA. Progeny viruses containing these
second site mutations were as infectious as the wild-type RCNMV
when assayed in cowpea plants (data not shown). Therefore, both
CGUGA and AAUUA loop sequences are apparently functionally
equivalent to the wild-type UAUAA sequence. These second site
mutations thus should be considered compensatorymutations as they
restored the promoter activity of the 3′ SL. Interestingly, all second-
site mutations occurred at the three key positions L1, L2, and L4,
indicating that the nucleotides at these positions interact with each
other. The three interacting nucleotides are in close proximity to each
other in the predicted model (Fig. 5), lending further support to the
proposed structure of the 3′ SL.
The functional dissection of the 3′ SL of RCNMV RNA-2 described
here has identiﬁed three discontinuous but interacting nucleotides in
the loop as an RNA motif that potentially is involved in the RNA-
replicase interaction. These data along with the proposed 3-D model
of the 3′ SL deﬁne a structural and functional framework from which
further studies can be logically designed to explore the interaction
between RCNMV RNA and its replicase.
Materials and methods
Construction of RNA-2 mutant clones
A highly infectious cDNA clone of RCNMV RNA-2, pRC2IG54, was
used as the template for mutagenesis. A series of RNA-2 stem and
loop mutant clones were generated by PCR-based mutagenesis
using paired oligonucleotide primers (Supplementary Table S1).
Primer vRC2T75′END, which contains 18 nucleotides identical to the
5′ end of RNA-2, was used as the upstream primer for all mutagenic
PCR. The downstream mutagenic primers contain nucleotides
complementary to the 3′ terminus of RNA-2 with the exception of
designated nucleotide substitutions and a seven-nucleotide tail
(GATCCCC) consisting of four random nucleotides GATC and
nucleotides CCC at the 5′ end. All the downstream primers also
contained a SmaI restriction site (CCCGGG). These primers included
the stem disruption primer (cRC2SD), the stem restoration primer
(cRC2SR), two multiple loop sequence substitution primers(cRC2LEcoRI and cRC2LKpnI), and 15 single-nucleotide substitution
primers. The single loop substitution primers were named according
to the position of the target nucleotide in the loop and the resulting
substitution. For example, primer cRC2L1A substituted the ﬁrst
nucleotide in the loop, U, to an A residue. For the PCR reaction,
0.2 μM each of the upstream primer and the down stream primer
and 0.01 μg of template DNA (pRC2IG54) were added to a standard
PCR reaction solution. A mixture of Taq:Pfu (4:1) DNA polymerase
was used to amplify the DNA in 30 cycles of denaturation at 94 °C
for 45 s, annealing at 54 °C for 60 s, and extension at 72 °C for 90 s.
The ampliﬁed DNA fragments were puriﬁed and then digested with
restriction enzymes SmaI and NcoI. Restriction site SmaI was
engineered immediately downstream of the 3′ end of the viral
sequence during mutagenesis and restriction site NcoI is endogen-
ous and located at nucleotide 1230. The resulting 219 bp SmaI–NcoI
fragment with the designated mutations in the 3′ SL was used to
replace the corresponding fragment in pRC2IG54 to generate
mutant RNA-2 infectious clones. The SmaI–NcoI fragment of all
mutants was sequenced to conﬁrm that only the desired mutations
were introduced by mutagenesis.In vitro transcription, inoculations and infectivity analysis
In vitro transcripts were prepared from the infectious cDNA clones,
pRC1IG69 of RNA-1, pRC2IG54 of RNA-2, and infectious mutant clones
as described previously (Xiong and Lommel, 1991) in a 10-μl reaction
volume. Equal amounts of RNA-1 and RNA-2 transcripts (approxi-
mately 5–10 μg RNA per 10-μl reaction) were mixed and diluted at a
ratio of 1:5 with GKP buffer (50 mM glycine, 30 mM K2HPO4 pH 9.2,
1% bentonite, 1% celite). Ten microliters of the mixture were
mechanically inoculated to each single cowpea primary leaf as
previously described (Xiong and Lommel, 1991). Each inoculation
included three to four plants and six to eight leaves. The inoculated
plants were kept at 25 °C. Infectivity of each clone was determined by
the number of lesions on the inoculated leaves 4 days after
inoculation.Protoplasts isolation and transfection
Protoplasts were isolated from leaves of systemic host plant N.
clevelandii using a protocol modiﬁed from Rao et al. (1994). Brieﬂy,
young leaves of N. clevelandii were surface-sterilized, sliced into 1-
mm strips, and incubated in enzyme solution containing 1.25%
cellulase “Onozuka” R-10 (Yakult Honsha Co., Ltd.), 0.15% macer-
ozyme R-10 (Yakult Honsha Co., Ltd.), 0.1% bovine serum albumin
(BSA, fraction V, Sigma, St. Louis, MO), and 0.55 M mannitol (pH 5.9)
for 16 h at room temperature in the dark. After ﬁltration and sucrose
centrifugation, the protoplasts were collected from the interface
between mannitol and sucrose, washed, and divided into aliquots of
1.25×106 cells in 15 ml polypropylene tubes.
Prior to protoplast transfection, the DNA template was removed
from the in vitro transcripts by lithium chloride precipitation. After
phenol-chloroform extraction and ethanol precipitation, transcripts
from a 100-μl reaction were dissolved in a solution containing 0.1 M
NaCl, 10 mM Tris–HCl (pH 7.5), and 1mM EDTA. Lithium chloride was
added to a ﬁnal concentration of 2.7 M and themixture was incubated
on ice for 16 h. After centrifugation, the RNA pellet was resuspended
in sterile distilled water at a ﬁnal concentration of 1 μg RNA/μl.
Ten micrograms each of puriﬁed, DNA-free RNA-1 and RNA-2
transcripts were co-transfected into the puriﬁed protoplasts using the
polyethylene glycol (PEG, Mr 1450, Sigma, St. Louis, MO) method as
previously described (Rao et al., 1994). The transfected protoplasts
were incubated at room temperature (∼24 °C) under a ﬂuorescent
lamp.
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At 24 h post-transfection, protoplasts were harvested and RNA
extracted with 250 μl each of RNA extraction buffer (100 mM glycine,
10 mM EDTA, 100 mMNaCl pH 9.5, 2% SDS, and 2.5 mg/ml bentonite)
and phenol-chloroform. Following ethanol precipitation, RNA pellet
was dissolved in 20 μl of sterile distilled water. After heat denatura-
tion at 70 °C for 10 min, 5 μl of the total RNA were fractionated by
electrophoresis in 1.5% agarose gels, transferred to the nylon
membrane, and cross-linked by UV. The blots were then hybridized
with a 32P-labeled, (-)-sense riboprobe speciﬁc for either RCNMV
RNA-1 or RNA-2. Labeling of the (-) RCNMV transcripts with α-32P-
UTP was carried out as previously described (Xiong et al., 1993b).Cloning and sequencing analysis of the progeny viral RNA from mutant
clones
To determine the sequences of RNA-2 progenies, total RNA was
extracted from inoculated cowpea leaves 4 days after inoculation
using TRIZOL™ solution (Invitrogen, Carlsbad, CA) as previously
described (Weng and Xiong, 1997). The viral RNA-2 in the total RNA
was then reverse-transcribed into cDNA using primer cRC2S3END (5′
TGCGCTGCAGGGGTGCCTAGCC3′), which contains 13 nucleotides
(underlined) complementary to the 3′ terminus of wild-type RNA-2,
a PstI site (italic), and four protecting nucleotides. A 1.5-kb DNA
fragment corresponding to the entire RCNMV RNA-2was ampliﬁed by
30-cycle PCR using the primers cRC2S3END and vRC2T75′END. A
smaller DNA fragment containing the 3′ end of RCNMV RNA-2 was
then isolated by restriction digestions at the PstI site in the primer
cRC2S3END and at an XbaI site 419 nucleotides from the 3′ end of
RNA-2. The PstI–XbaI fragment containing the 3′ end was then cloned
into pBluscripts SK(+) vector linearized with the same enzymes and
sequenced using T7 primer and T3 primer.3-D modeling of the RCNMV 3′ SL structure
The 3-D structure for the 3′ SL of RCNMV RNA-2 was generated
using the MC-Fold|MC-Sym pipeline as described (Parisien andMajor,
2008). The 29 nucleotides consisting of a 3′ single-stranded tail of four
nucleotides, 10 base pairs in the stem, and 5 nucleotides in the loop
were submitted ﬁrst to MC-Fold, which generated a list of possible
structures. The highest scoring structure containing the predicted
base pairs and loop sequence was then submitted to a MC-Sym run
using the script generated automatically by the default parameters in
the pipeline. The suboptimal 3-D structures assembled by MC-Sym
were further reﬁned by steepest descent gradient optimization
iterations until G RMS was less than 5.0 kcal/mol/atom (Ren and
Ponder, 2003). Finally, the reﬁned structures were ranked by their
subjective global structure quality scores. All the tools used for this
modeling were accessible at http://www.major.iric.ca/MC-Pipeline/.
The ﬁnal 3-D structure is visualized with the aid of RasMol version 2.7
(Bernstein, 2000).Acknowledgments
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